Carbon nanotubes can be viewed as rolled-up graphene sheets. As such, their work functions should be closely related to those of graphene due to geometric and structural similarities. In this paper, we have systematically investigated the work functions of single-walled and multiwalled carbon nanotubes by density functional calculations. The work functions of single-walled carbon nanotubes ͑SWCNTs͒ are very close to those of graphene in the armchair conformation, while for the zigzag and chiral conformations, the work functions are close to those of graphene as the diameter is larger than a certain threshold. When the diameter of the tube is smaller than 10 Å, the work functions of zigzag and chiral tubes increase dramatically as the diameter decreases. The deviation in the work function from that of graphene for small tubes can be explained and qualitatively estimated by the downshift of the Fermi level due to the curvature effect. For multiwalled carbon nanotubes ͑MWCNTs͒, we only consider zigzag and armchair MWCNTs. We find that the work functions of all armchair and zigzag MWCNTs with inner tube diameters larger than 10 Å are very close to those of graphene. The work functions of zigzag MWCNTs with inner tube diameters smaller than 10 Å exhibit significant variations depending on the diameters of the inner and outer tubes. Using a very simple model, we find that the work functions of MWCNTs can be successfully estimated from the work functions and electronic structures of the constituent SWCNTs.
I. INTRODUCTION
Carbon nanotubes have attracted increasing attention from researchers since their discovery. 1 Because of their striking structural and electronic properties such as small diameters, high aspect ratios, high mechanical strength, and high thermal and chemical stability, carbon nanotubes are excellent field emitters and are thus potentially useful in field-emitting flat panel displays. 2 The work function of a carbon nanotube is a very important parameter in controlling the tube's fieldemission properties. In addition, the work function is an important factor in controlling transport when the nanotube forms a junction. It is closely related to electronegativity and is thus important in the consideration of chemical reactivity.
Many studies have been conducted on the work functions of single-walled carbon nanotubes ͑SWCNTs͒. The estimation of the work function based on the Fowler-Nordheim model has, however, led to some uncertainties, such as if this simplified model is applicable to nanoemitters, particularly if the local geometry of the nanotubes is not measure. Ultraviolet photoemission spectroscopy ͑UPS͒ provides a modelindependent measure of the work function. UPS experiments have estimated the work function to be 4.8 and 2.4 eV for SWCNT bundles and Cs-intercalated SWCNT bundles, respectively. 3 Using the transmission electron microscope technique, Gao et al. 4 measured the work function of individual multiwalled carbon nanotubes ͑MWCNTs͒ and reported the value of 4.6-4.8 eV. Moreover, using the photoelectron emission method, Shiraishi and Ata 5 measured the work functions of MWCNTs and SWCNTs and reported values of 4.95 and 5.05 eV, respectively. Meanwhile, Suzuki et al. 6 measured the work functions of 93 individual SWCNTs using photoemission electron microscopy and found that the work function of SWCNTs does not have a large structural dependence. Recent first-principles calculations show that the structure of the tips of SWCNTs will affect their work functions [7] [8] [9] and that the work functions of small tubes increase dramatically as the diameter of the tube decreases due to the curvature effect. 10 Using the charge equilibration model ͑CEM͒, Shan and Cho 11 proposed that the work functions of double-walled carbon nanotubes ͑DWCNTs͒ can be effectively approximated by the average of the inner and outer tubes. Up to now, however, there has been no systematic study on the work functions of MWCNTS. In this paper, we will therefore systematically study the work functions of SWCNTs and MWCNTs using density functional calculations. Initially, we examine the relationship between the work functions of SWCNTs and those of graphene. We also investigate the curvature effect on the work function of SWCNTs. Then, the results of MWCNTs, especially the work function of MWCNTs exhibiting significant variations depending on the diameters of the inner and outer tubes, are presented. Finally, we study the dependence of the work function of MWCNTs on its constituent SWCNTs using the simple charge transfer model, from which we can determine the work function of MWCNTs if we know the work function and the electronic structure of its constituent SWCNTs.
II. METHOD OF CALCULATIONS
The calculations are performed within the local density approximation ͑LDA͒ framework 12 using the Ceperley-Alder form of exchange-correlation functional and ultrasoft pseudopotentials 13 with a plane-wave cutoff of 358 eV. We used supercell geometries to calculate the work functions. In analyzing isolated SWCNTs and MWCNTs, the nanotubes are placed into a square array with intertube distances equal to 10 Å. At such a separation, the tube-tube interactions are very small so that the tubes can be treated as independent entities. For example, when we increase the intertube distance of the ͑3,3͒ tube from 10 to 20 Å, the calculated change of the work function is less than 0.003 eV. The length of the unit cell along the tube axis is determined by minimizing the total energy of the system. The k-point sampling was set to be 1 ϫ 1 ϫ 80 for both SWCNTs and MWCNTs. All atoms were fully relaxed until the maximum magnitude of the force was less than 0.02 eV/ Å. The work functions were determined from the difference between the Fermi level and the vacuum level. The Fermi energy is determined using the standard Gaussian smearing method with the width of the smearing in 0.1 eV. The vacuum level is defined as the average potential in the vacuum region where it approaches a constant. The Fermi level and the vacuum level must, of course, be determined from the same calculation for a meaningful result. In the case of semiconducting nanotubes, the Fermi level is chosen at the midgap.
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III. RESULTS AND DISCUSSION
We first considered the effect of the diameter and chirality on the work function of isolated SWCNTs with infinite lengths. We took into account the work functions of zigzag and armchair tubes, as well as the work function of a few chiral tubes such as ͑3,1͒, ͑4,2͒, ͑5,3͒, ͑6,2͒, ͑6,3͒, and ͑7,3͒ tubes. The work functions of isolated, infinite-length SWCNTs with diameters ranging from 2.8 to 67.3 Å are shown in Fig. 1 . The work functions of armchair tubes fall within a narrow distribution, which is very close to the work function of graphene ͑ϳ4.48 eV͒ and is independent of the diameter of the tube. We note that the work function of graphene is found to be 4.48 eV in our calculations, which is about 0.2 eV smaller than that obtained by Shan and Cho, 10 although the same formulation is used. This was due to the different lattice structures used in the calculations. In our calculations, the bond length was 1.41 Å, which was determined by minimizing the total energy of the graphene sheet, while the bond length in the study of Shan and Cho was 1.44 Å. They found that the work functions of armchair tubes decrease with a decrease diameter in small tubes, which is not the case in our results. This is due to the different atomic structures used in the calculations. Particularly, in our calculations, the length of the unit cell along the tube axis was obtained by minimizing the total energy of the system. In comparison, this length is fixed at the length given in the rolled-up graphene sheet with the bond length fixed at 1.44 Å in their study. To confirm that such differences originated from the atomic structure rather than from other details, we recalculated the work functions of the ͑3,3͒, ͑4,4͒, ͑5,5͒, and ͑10,10͒ armchair tubes using their atomic structure, and the results are shown in the inset of Fig. 1 . The work functions of zigzag tubes with diameters greater than 10 Å are also close to those of graphene. However, the work functions of zigzag and chiral tubes with diameters smaller than 10 Å increase dramatically as the diameter decreases. The significant changes in the work functions of small tubes can be attributed to the curvature effect. It is interesting to note that the curvature effect on the work function of chiral tubes is smaller than that on zigzag tubes. Figure 2 compares the band structure of various armchair and zigzag tubes calculated by LDA ͑solid line͒ with that obtained from the zone folding ͑dashed line͒ calculation of graphene by LDA dispersion. In the zone-folding approach, it is well known and well understood that the Fermi wave vector ͑pinned at the crossing point of two bands͒ for all armchair tubes is located exactly at k F =2 / 3T, where T is the translation lattice constant of the tube. However, for the real armchair tube structure, when the curvature effect is properly taken into account, the position of the Fermi wave vector is slightly shifted toward the zone center, and the amount of k F downshift is proportional to 1 / D 2 .
14 Nevertheless, the change in Fermi energy relative to the vacuum is negligible; the work function of all armchair tubes is therefore very close to that of graphene. On the other hand, the curvature effect downshifts the binding state of the s-like band, and then the position of the lowest eigenvalue at the ⌫ point shifts down as shown in the upper panel of Fig. 2 . In small zigzag tubes, the orbital mixing into the states, which is caused by the curvature effect of the tube, decreases the energy of the singly degenerate * states, 15, 16 as shown in the lower panel of Fig. 2 . This will downshift the Fermi energy relative to the vacuum level and thus increase the work function.
In order to estimate the amount of the downshift of the Fermi energy relative to the vacuum level due to the curvature effect, we studied the band structure of SWCNTs, and in 2 . An extrapolation toward a larger radius limit gives a value of −19.53 eV, which is the lowest eigenvalue of the valence band of graphene at the ⌫ point. The lowest eigenvalues for small zigzag and chiral tubes are off the line. The s-p mixing in the small zigzag and chiral radius tubes lowers the energies of some unoccupied states to below the Fermi level of graphene. This leads to a higher density of states below the Fermi level of graphene, so that when electrons are being filled up from the bottom of the valence band, the zigzag tubes "fill up earlier" than the armchair tubes. This then leads to a lower energy of the Fermi energy relative to the vacuum or, equivalently, a higher work function measure. The amount of deviation in the lowest eigenvalue at the ⌫ point from the line is equal to the change of its Fermi energy relative to the vacuum level caused by the curvature effect. Therefore, the work function of the tube can be given by the sum of the work function of graphene and the deviation of its lowest eigenvalue relative to the Fermi energy at the ⌫ point away from the line as follows: Figure 4 shows the work functions calculated by Eq. ͑1͒ and by real LDA calculations. The overall agreement indicates that the deviation of the work function of SWCNTS from that of graphene is dominated by the curvature effect. This means that we can calculate the work function of any SWCNT using only its band structure information and without knowing the vacuum level.
In the following section, we consider the work functions of multiwalled carbon nanotubes and show that the work functions of multiwalled tubes can be predicted from those of MWCNTs constituent single-walled tubes. The doublewalled carbon nanotube ͑DWCNT͒ is the simplest type of the MWCNT, and its intertube distance is known to be 3.24-3.44 Å from experimental measurements, 17 which is close to the interlayer separation of graphite. In principle, a MWCNT can be composed of a pair of inner and outer constituent layers with any chirality. Constrained by the requirement of a reasonably small unit cell for the LDA calculations, we only consider MWCNTs made up of concentric rings of tubes of the same chirality ͑i.e., armchair@armchair@armchair¯· o r zigzag@zigzag@zigzag¯͒. In our calculations for MWCNTs, we use ͑n ,0͒@͑n +9,0͒@͑n +18,0͒@͑n +27,0͒¯· for zigzag MWCNTs and ͑n , n͒@͑n +5,n +5͒@͑n +10,n +10͒@͑n +15,n +15͒¯· for armchair MWCNTs. The intertube distance is 3.35-3.39 Å for armchair MWCNTs and is 3.41-3.52 Å for zigzag MWCNTs. We first focus on double-walled nanotubes. The work func- tions for various armchair and zigzag tubes calculated by LDA are given in Table I . Since the work function of isolated armchair SWCNTs is close to that of graphene, the work function of isolated armchair DWCNTs should also be close to that of graphene. This is indeed borne out by the LDA results. In isolated zigzag DWCNTs, the work function is expected to be nearly the same as that of graphene when its inner tube is larger than 10 Å. This is also verified in the LDA calculations. If the inner tubes have diameters smaller than 10 Å and if the tubes are not armchair tubes, then the work functions of the constituent SWCNTs in the MWCNT are different, and we expect some changes. The results in Table I show that the work functions for zigzag tubes exhibit significant variations depending on the diameters of the inner tube and outer tubes.
We calculated the redistribution of charge density due to the charge transfer from the outer tube to the inner tube, which is defined as
where ͑r ជ͒ is the charge density of the DWCNT, and out ͑ in ͒ is the charge density of the isolated outer ͑inner͒ tube, which is generated by removing the inner ͑outer͒ tube with all the outer ͑inner͒ tube's atoms frozen at the original position. Figures 5͑a͒ and 5͑b͒ show the contour plot of the redistributed charge density for ͑4,0͒@͑13,0͒ and ͑5,0͒@͑14,0͒, respectively. It is visually obvious that the charge is transferred from the outer tube to the inner tube in both cases. In order to better understand these observations, 
͑Color online͒ Contour plots of the redistributed charge density of ͑a͒ ͑4,0͒@͑13,0͒ DWCNTs and ͑b͒ ͑5,0͒@͑14,0͒ DWCNTs. Plots are on the plane perpendicular to the tube axis, with black circles denoting the position of carbon atoms. The calculated averages of the redistributed charge density in ͑4,0͒@͑13,0͒ and ͑5,0͒@͑14,0͒ are also shown in ͑c͒ and ͑d͒, respectively.
we calculated the average of the redistributed charge density given by
The averages of the redistributed charge density in ͑4,0͒@͑13,0͒ and ͑5,0͒@͑14,0͒ are shown in Figs. 5͑c͒ and 5͑d͒, respectively. We can see that in both cases, there is a depletion of electronic charge from the outer tube and an increase in electronic charge in the inner tube.
To understand the work function variations, we first consider the case of a ͑4,0͒@͑13,0͒ DWCNT. In such a case, the inner tube has an ultrasmall radius which has strong curvature effects on its own work function, thereby affecting the work function of the double-walled tube as a composite system. We note that if the inner tube has a very small radius, it is generally a metal. If the inner tube has a larger radius, it can be a semiconductor, which we will discuss in the next section. Here, we focus on metal tubes. We show the calculated band structures by LDA for an individual ͑4,0͒ nanotube, an individual ͑13,0͒ nanotube, and ͑4,0͒@͑13,0͒ DWCNTs in Fig. 6 , where the vacuum level ͑set at 0 eV͒ is aligned so that the different electron affinities of the tubes are apparent. After aligning the vacuum levels, we can see that the highest occupied ͑HO͒ state of the outer tube is higher in energy than that of the inner tube. Therefore, we expect a transfer of electrons from the outer tube to the inner tube until the potentials of the inner and outer tubes become equal as shown in explicit charge calculations in Fig. 5 . We can simplify the notion of charge transfer by considering a dipole cylindrical sheet formed between the inner and the outer tubes, leading to a potential barrier ⌬V as shown schematically in Fig. 7 . The Fermi level will be pinned at an energy ⌬E out , which is below the energy of the HO state of the outer tube, where ⌬E out is the downshift of the Fermi level of the outer tube due to the charge transfer. Therefore, the HO states of the outer and inner tubes after the charge transfer can be computed as
where out HO and in HO are the highest occupied states of the outer and inner tubes before the charge transfer, respectively, and ⌬V is the potential barrier between the inner and outer tubes. Using the simplest possible model, ⌬V is given by q 2 0 L ln r out −⌬ r in +⌬ , where q is the amount of the charge transfer, r out ͑r in ͒ is the radius of the outer ͑inner͒ tube, and ⌬ is set to be 1.0 Å, which is suggested by inspecting Fig. 5 . We will show later that the work function estimated by our model is only weakly dependent on the value of ⌬, which is nonzero since the excess charges due to the charge transfer are slightly displaced with respect to the atomic positions. By equating out HO and in HO , we generate the following equations which can be used to determine ⌬E out by the band structure of the inner and outer tubes:
where L is the length of the tube within the unit cell, D out ͑͒ ͑D in ͑͒͒ are the densities of states of the outer ͑inner͒ tube, and ⌬E out can be given by solving Eqs. ͑6͒ and ͑7͒, requiring the self-consistency of the value of q. The isolated tube densities of states are used to calculate the charge transfer in Eqs. ͑6͒ and ͑7͒. For a given trial value of ⌬E out , we can evaluate the values of q and ⌬E in using Eq. ͑7͒. We then check whether Eq. ͑6͒ is satisfied. If not, we increase the value of ⌬E out by a small amount ⌬ and iterate the process until Eq. ͑6͒ can be satisfied. The condition of selfconsistency depends on the choice of ⌬, and it can be as small as we want. In the calculation, the value of ⌬ is 0.01 eV. The amounts of charge transfer from the outer tube to the inner tube calculated by the above process are 0.26, 0.17, and 0.09 electrons per period for ͑4,0͒@͑13,0͒, ͑5,0͒@͑14,0͒, and ͑6,0͒@͑15,0͒, respectively. The value of the work function is equal to the absolute value of the energy of its outer tube's HO state, which is given by Eq. ͑4͒, due to the selection of the vacuum level energy as a zero point.
The work of Shan and Cho showed that the work function of the DWCNT can be approximated effectively by the average of the work functions of the inner and outer tubes. This amounts to neglecting the potential barrier ⌬V between the inner and outer tubes due to the charge transfer and the setting of the hardness of the tubes to a constant, which effectively uses a constant to approximate the density of states of the tubes. In our calculations, as shown in Fig. 6 for the case of ͑4,0͒@͑13,0͒, the density of states below the Fermi level of the ͑13,0͒ tube is larger than that above the Fermi level of the ͑4,0͒ tube. We found that ⌬E out is about equal to 0.15 eV and ⌬E in is about 0.3 eV. The potential barrier is about 0.6 eV, which is not that small. Table II shows the work functions for a few MWCNTs calculated by real LDA calculation, our model, and the method of Shan and Cho. The extension to triple-walled carbon tubes will be discussed in the following sections. We can see that our study's results have a better agreement compared with those of the other methods. We particularly note that our LDA results are different from the LDA results of Shan and Cho for some DWCNTs. This is due to the difference in the structure involved in the calculations. In our calculations, the length of the unit cell along the tube axis is obtained by minimizing the total energy of the system.
If the outer and inner tubes are both semiconductor tubes, we find that there is a negligible charge transfer when the highest occupied state of the outer tube is lower than the lowest unoccupied ͑LU͒ state of the inner tube as in the case of the ͑8,0͒@͑17,0͒ tube. Figure 8 shows the LDA calculated band structures for an individual ͑8,0͒ nanotube, an individual ͑17,0͒ nanotube, and ͑8,0͒@͑17,0͒ DWCNTs. We again set the vacuum level to 0 eV. In this case, the work function of the DWCNT is simply
where out LU ͑ in LU ͒ is the lowest unoccupied state of the outer ͑inner͒ tube. It is worth noting that the HO and LU bands of the inner tube shift down by about 0.1 eV relative to the outer tube in our real LDA calculation for the ͑8,0͒@͑17,0͒ tube. This explains the observation that the work function is 
underestimated by about 0.05 eV in our model of the ͑8,0͒@͑17,0͒ tube.
Using the above process, we can thus obtain the work function of any DWCNT from the work function and the band structure of its constituent SWCNTs. The band structure of the DWCNT can also be calculated after we find ⌬E in and ⌬E out during the above process. The DWCNT band structure is the superposition of the band structures of its constituent SWCNTs with appropriate shifts. The Fermi level is now pinned at ⌬E out below its highest occupied state for its outer tube and at ⌬E in above its highest occupied state for its inner tube. Figure 9 shows the band structure of the ͑4,0͒@͑13,0͒ tube calculated by LDA and our superposition model. The agreement is good. Therefore, as long as we have the work function and band structure of all constituent SWCNTs, we can calculate the work function and band structure of any DWCNT by employing the abovementioned process. We note that we do not need to do the LDA calculation for large SWCNTs. We can simply use the band structure calculated from the zone folding of LDA dispersion of graphene and the work function of graphene for large SWCNTs.
The process employed above can be iterated from the interior to the exterior to find the work function and band structure of any triple-walled carbon nanotube. Now, Eqs. ͑6͒ and ͑7͒ can be rewritten as
where q is the amount of the charge transfer from the inner double-walled tube to the outermost tube, out HO ͑ I HO ͒ is the highest occupied state in energy before the charge transfer, D out ͑͒ ͓D I ͔͑͒ is the density of states, and r out ͑r I ͒ is the radius of the outer ͑inner double-walled͒ tube. The ⌬E out can be determined by solving Eqs. ͑9͒ and ͑10͒ requiring the self-consistency of the value of q. The value of the work function is equal to the absolute value of the energy of its outer tube's HO state. When the outer and inner tubes are both semiconductor tubes, Eq. ͑8͒ can be rewritten as
where out LU ͑ I LU ͒ is the lowest unoccupied state of the outer ͑inner double-walled͒ tube.
It is then obvious that we can generalize the Eqs. ͑9͒-͑11͒ to calculate the work functions and band structures of any N-walled nanotubes. We set q to be the amount of the charge transfer from the outer nanotube to the inner ͑N −1͒-walled nanotube, out HO ͑ I HO ͒ is the highest occupied state in energy before the charge transfer, D out ͑͒ ͓D I ͔͑͒ is the density of states, r out ͑r I ͒ is the radius, and out LU ͑ I LU ͒ is the lowest unoccupied state of the outer ͓inner ͑N −1͒-walled͔ nanotube. In Table II , we show the work functions of various MWCNTs calculated by fully fledged LDA calculation, the CEM model, and the charge transfer model for different values of ⌬. The results calculated by the charge transfer model are generally better than that calculated by the CEM model. We see that the result in the charge transfer model is not sensitive to the choice of the value of ⌬. Figure 10 shows the work functions of various zigzag N-walled nanotubes calculated by LDA calculations and the charge transfer model. We note that metallicity plays an important rule in the work function of MWCNTs. For instance, the MWCNTs with inner tube ͑6,0͒ shows a characteristic low work function. This can be explained by our model. As pointed out before, the work functions of SWCNT with a diameter larger than 10 Å are close to those of graphene. Therefore, the work function of the outer tube for any DWCNT with an inner tube greater than ͑4,0͒ is close to 4.5 eV. In our method, the work function of the DWCNT is given by the absolute value of the energy of its outer isolated tube's HO state plus the value of the downshift of the Fermi level due to the charge transfer. When the outer tube is metallic, the highest occupied state is the same as the Fermi level. The work function of SWCNT is equal to the absolute value of its Fermi level due to the selection of the vacuum level as zero. The work function of the DWCNT is given by 4.5 eV+ ⌬E out , where ⌬E out is the downshift of the Fermi level due to the charge transfer. For the case in which its outer tube is a semiconductor, the highest occupied state is equal to the Fermi level plus one half of the value of its band gap. Therefore, the work function is given by 4.5 eV+ ⌬E out + E g / 2. This explains why the metallic MWCNT shows a characteristic low work function.
It is interesting to note that the work functions of the MWCNTs exhibit noticeable variations depending on the diameters of the inner and outer tubes. The agreement between our method with real LDA calculations indicates that our model can provide an efficient and accurate method to estimate to work functions of MWCNTs. This is in contrast to the difficulty involved in calculating using brute force, that is, using the work function and band structure of SWCNTs, which can be readily done.
IV. CONCLUSIONS
In conclusion, we have systematically investigated the work functions of SWCNTs and MWCNTs by density functional calculations. The work functions of armchair tubes of any diameter and large tubes with any chirality are very close to those of graphene. The work functions of zigzag and chiral tubes with diameters smaller than 10 Å increase dramatically as the diameter of the tube decreases. The significant changes in the work function of small tubes is due to the curvature effect, which decreases the energy of the singly degenerate * states and downshifts the Fermi level relative to the vacuum level, thereby increasing the work function. Using an intuitive charge transfer model, we can calculate the work function of any MWCNT from the work function and the electronic band structure of its constituent SWCNTs. We find that the work functions of MWCNTs exhibit noticeable variations depending on the diameters of the inner and outer tubes.
